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Introduction 

The  overall  objective  of  this  program  was  to  investigate  new  phenomena  in 
quantum  optics  that  are  of  fundamental  scientific  importance  as  well  as  having  potential 
applications  for  Navy  programs,  such  as  improved  gyroscope  performance  or  more 
accurate  clock  synchronization.  Results  from  this  year’s  research  are  also  expected  to 
have  applications  in  quantum  information  processing  and  secure  communications. 

One  of  the  objectives  for  this  year  was  to  develop  methods  for  generating  the 
nonclassical  states  of  light  that  are  required  for  clock  synchronization  and  quantum 
information  processing.  A  linear  optics  approach  to  quantum  logic  operations  has  the 
practical  advantage  that  it  requires  only  simple  optical  elements,  such  as  beam  splitters 
and  phase  shifters,  that  are  available  commercially.  But  in  order  to  use  these  techniques, 
it  is  necessary  to  generate  entangled  states  of  additional  (ancilla)  photons  to  be  used  as  a 
resource.  The  development  of  methods  for  the  generation  of  nonclassical  states  of  light 
as  well  as  improved  quantum  logic  devices  was  therefore  one  of  the  main  objectives  for 
this  project. 

The  ability  to  detect  single  photons  with  high  probability  has  a  number  of 
potential  applications,  including  low-intensity  sensor  systems,  clock  synchronization 
using  quantum-mechanical  techniques,  and  quantum  information  processing.  Another 
goal  for  this  project  was  to  investigate  ways  to  improve  the  performance  of  existing 
single-photon  detector  technology  using  interferometric  and  other  techniques. 

Technical  Approach 

Our  approach  for  the  generation  of  nonclassical  states  of  light  includes  the  use  of 
linear  optics  techniques  for  the  construction  of  quantum  logic  gates.  The  quantum  logic 
gates  can  then  be  used  to  generate  an  arbitrary  quantum  state  of  light  starting  from  a 
source  of  independent  single  photons.  Various  methods  for  the  generation  of 
nonclassical  states  of  light  are  being  investigated,  including  the  use  of  quantum  error 
correction  techniques  to  reduce  the  probability  of  obtaining  incorrect  output  states. 
Experimental  demonstrations  of  the  basic  quantum  logic  gates,  such  as  a  controlled-NOT 
gate,  are  an  important  part  of  this  approach.  The  use  of  solid-state  devices  for  the 
generation  of  nonclassical  states  of  light  is  also  being  investigated. 

Improved  single-photon  detection  efficiency  is  being  investigated  in  several 
different  ways.  One  approach  is  to  increase  the  efficiency  of  commercially-available 
detectors  by  taking  the  light  that  is  reflected  from  one  detector  and  focusing  it  back  onto  a 
second  detector.  Another  approach  is  to  carefully  balance  an  interferometer  containing  n 
incident  photons  in  such  a  way  that  no  photons  exit  from  one  of  the  output  ports.  The 
presence  of  a  single  additional  photon  can  then  unbalance  the  interferometer  and  produce 
a  large  output  signal  that  can  easily  be  detected. 
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Accomplishments 

One  of  our  main  accomplishments  was  the  first  experimental  demonstration  of  a 
controlled-NOT  logic  gate  using  single  photons  as  the  qubits.  These  devices  are  the  basic 
building-block  of  a  quantum  computer  and  they  play  an  essential  role  in  other  tasks,  such 
as  the  generation  of  nonclassical  states  of  light  for  improved  gyroscope  performance  and 
quantum  repeaters  for  secure  communications  systems.  A  controlled-NOT  logic  gate  was 
demonstrated  in  optical  fibers  using  the  apparatus  shown  in  Figure  1.  Typical 
experimental  results  are  shown  in  Figure  2. 

Another  accomplishment  was  the  development  of  several  different  methods  for 
generating  the  entangled  ancilla  states  required  as  resources  for  a  linear  optics  approach 
to  quantum  logic.  We  showed  that  the  required  nonclassical  states  could  be  generated 
using  elementary  logic  elements,  such  as  the  controlled-NOT  gate  that  we  experimentally 
demonstrated.  A  solid-state  device  that  is  capable  of  generating  these  states  directly  was 
also  investigated  theoretically  and  is  shown  in  Figure  3. 

In  the  area  of  improved  single-photon  detectors,  we  showed  experimentally  that 
the  detection  efficiency  of  existing  detectors  could  be  improved  by  focusing  the  light 
reflected  from  one  detector  onto  a  second  detector.  This  resulted  in  a  modest 
improvement  in  the  detector  efficiency  from  70%  to  80%.  Theoretical  analysis  was  also 
performed  to  show  that  interferometric  techniques  can  be  used  to  detect  single  photons 
with  arbitrarily  high  efficiency  using  low-efficiency  detectors. 

Another  accomplishment  was  the  development  of  single-photon  detectors  that  can 
determine  the  number  of  photons  present  in  an  optical  pulse.  Conventional  detectors 
cannot  distsinguish  between  one  or  more  photons,  and  simply  produce  an  output  pulse 
whenever  one  or  more  photons  are  incident.  We  developed  a  time-multiplexing 
technique  illustrated  in  Figure  4  that  allowed  ordinary  silicon  avalanche  photo-detectors 
to  serve  as  number-resolving  detectors.  The  basic  idea  is  to  split  the  incident  pulse  into  a 
large  number  of  smaller  pulses  that  are  separated  in  time.  This  allows  two  ordinary 
detectors  to  measure  the  total  number  of  photons,  as  illustrated  by  the  experimental  data 
in  Figure  5. 
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Figure  1.  Experimental  apparatus  to  perform  the  first  demonstration  of  a  controlled-NOT 
quantum  logic  gate  for  single  photons. 


Figure  2.  Typical  experimental  results  obtained  from  a  eontrolled-NOT  logic  gate. 
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Figure  3.  Solid-state  device  capable  of  directly  generating  entangled  states  of  photons. 


Figure  4.  Time-multiplexing  technique  that  allowed  ordinary  single-photon  detectors  to 
resolve  the  number  of  photons  in  an  optical  pulse. 
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Figure  5.  Experimental  results  obtained  from  the  time-multiplexed  photon  detector 
system. 
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